Submicron-size SiC ceramics were sintered to densities >97% of the theoretical density by adding 5 wt % in situ-synthesized nano-size SiC and 2 wt % AlNRE 2 O 3 (RE = Y, Er). The SiC ceramics showed very low electrical resistivity in an order of 10 ¹4 ³·m. This low electrical resistivity was attributed to the smaller amount (2 wt %) of sintering additives addition and their microstructural characteristics, i.e., growth of nitrogn-doped SiC grains and the confinment of non-conducting Y-and Er-containing phases in the junction areas.
Silicon carbide (SiC) ceramics with a small amount of additives or without additives have attracted considerable attention for use in semiconductor processing, nuclear fusion reactors, and high temperature thermomechanical applications because of their excellent chemical and thermal stability and good mechanical properties. 1)8) In the early 1980 s, Omori and Takei 9) reported an innovative approach to fully densify SiC at temperatures as low as 1850°C via liquid-phase sintering by adding rare earth oxides to the starting powder. Since this innovative work, interest in liquidphase sintered (LPS)-SiC has grown continuously, becausae LPSSiC ceramics show better mechanical properties than solid-state sintered SiC ceramics. 10)13) Cao et al. 14) reported a fracture toughness of approximately 9 MPa·m 1/2 for SiC doped with AlBC. A heat-resistant SiC ceramic that maintains its room temperature strength (600 MPa) up to 1600°C was reported by Kim et al. 15) However, most LPS-SiC ceramics reported thus far were sintered with ²5 wt % sintering additives. Only a few papers showed the successful densification of SiC ceramics with a smaller amount of sintering additives via liquid-phase sintering. Liden et al. 16) sintered SiC ceramics with 3 wt % additives (2 wt % Al 2 O 3 and 1 wt % Y 2 O 3 ) by collidal processing. Hirata et al. 17) also sintered SiC ceramics with 2.86 wt % additives (1.44 wt % Al 2 O 3 and 1.42 wt % Y 2 O 3 ) by collidal processing. Kumar et al. 6) sintered SiC ceramics with 3 wt % RE 2 O 3 AlN additives (RE = Sc, Lu, Y). SiC ceramics sintered with a smaller amount of additives would be more beneficial for applications in semiconductor processing and nuclear fusion reactors because of their better chemical and thermal stability.
In this study, the sinterability of SiC ceramics with 2 wt % additives (RE 2 O 3 AlN, RE = Y, Er) was investigated with or without 5 wt % in-situ-synthesized nano-size SiC addition. The electrical resistivity of the resulting SiC ceramics was also investigated. Table 1 by ball milling using SiC balls and a polypropylene jar for 24 h in ethanol. The AlN:RE 2 O 3 molar ratio was 3:2. The mixtures were dried, sieved (60 mesh), pressed uniaxially and heat-treated at 200°C for 2 h in air to cross-link the polysiloxane in the mixture. The compact was heat-treated at 1450°C for 1 h and hot-pressed at 2050°C for 6 h under 40 MPa in an atmospheric pressure of nitrogen.
The relative densities of the hot-pressed specimens were determined using the Archimedes method. The theoretical densities of each specimen were calculated according to the rule of mixtures. The fracture surface morphology was observed by scanning electron microscopy (SEM, S4300, Hitachi Ltd., Hitachi, Japan). The hot-pressed SiC specimens were polished and etched with CF 4 plasma containing 10% oxygen. The plasma-etched sample was analyzed by electron probe microanalysis (EPMA, JXA-8500F, JEOL, Tokyo, Japan) without a conducting layer coating under 15 KV and 30 mA conditions. For the dc electrical resistivity measurements, a standard fourprobe method was used with a sample size of 1 mm © 1 mm © 7 mm and a 1 mA bias current. Electrical contacts were made on the samples using pure gold wires, 0.0508 mm in diameter, and a silver paste. Hall-effect measurements were performed on the samples (10 mm © 10 mm © 1 mm) at room temperature using a van der Pauw technique. The external magnetic field applied perpendicular to the square-shaped sample plane was 1 T.
The relative densities of the SCY and SCEr specimens, which were sintered with submicron-size SiC and 2 wt % additives by conventional hot-pressing at 2050°C for 6 h under an applied pressure of 40 MPa in flowing nitrogen, were 90.1 and 86.7%, respectively (Table 1 ). In contrast, the SCNY and SCNEr specimens sintered with submicron-size SiC, 5 wt % nano-size SiC synthesized from polysiloxane-phenol resin, 18) and 2 wt % additives could be almost fully densified with relative densities >97% when hot-pressed under the same conditions. The addition of 5 wt % nano-size SiC enhanced the densification of SiC when a small (2 wt %) amount of additives was added. The enhanced densification in the specimens containing 5 wt % nano-size SiC can be understood by (1) the enhanced driving force of the powder compacts for densification due to the high surface area of nano-size SiC and (2) the increased packing density of the specimens by adding nano-size SiC to submicron-size SiC. The enhanced densification or almost full densification at lower temperatures were observed when nano-size SiC, 19) 21) polycarbosilane-derived nano-size SiC, 22) or mechanically alloyed nano-sized SiC powders 4) were used as the starting material. Therefore, the addition of in situ-synthesized nano-size SiC is beneficial for the densification of submicron-size SiC with a small amount (2 wt %) of additives. Figure 1 shows typical fracture surfaces of the hot-pressed materials. As expected from the sintered density, the SCY and SCEr specimens contained a fairly large amount of residual pores, whereas SCNY and SCNEr specimens showed almost no porosity in the fracture surfaces. All specimens consisted of large platelet grains and relatively small equiaxed grains. The grain sizes of SCNY and SCNEr specimens were smaller than those of SCY and SCEr. These results suggest that the addition of in situ synthesized nano-size SiC suppressed grain growth and enhanced densification of submicron-size SiC powders.
Scanning electron microscopy and dot mapping of Al, Y, Si, and N for SCNY and Al, Er, Si and N for SCNEr by EPMA revealed the location of each element in the specimens (Fig. 2) . The microstructure of SCNY consisted of nitrogen-doped SiC grains and Y-containing junction phase [ Fig. 2(a) ]. The Al dot mapping indicates the incoporation of Al into the SiC lattice. Similarly, the microstructure of SCNEr consisted of nitrogendoped SiC grains and an isolated Er-containing junction phase [ Fig. 2(b) ]. The Al dot mapping also indicates the incoporation of Al into the SiC lattice. In the SCNY and SCNEr specimens, the introduction of Al into the SiC lattice was activated by the high sintering temperature (2050°C) and the applied pressure (40 MPa). 15) It is well known that Al substitutes for Si in SiC lattice and the solubility limit of Al in SiC is 1.0 wt % at 2200°C. 23) Nitrogen was incorporated into the SiC grains, whereas the locations of the electrically insulating Y-and Er-containing phases were confined at the junctions with the neighboring grains. The Y-and Er-containing phases may be Y 2 O 3 and Er 2 O 3 , resepctively, based on the previous work, 24) where the presence of Y 2 O 3 in the junction phase was identified when the content of Y-containing additive was larger than the present work.
Nitrogen prefers to substitute for C sites when it is doped in SiC, leading to the formation of a donor level (N c ) within the band gap. 25) Hall measurements showed that the SCY, SCEr, SCNY, and SCNEr specimens have n-type carriers with a density specimen was 1.76, 1.42, 0.48, and 0.22 cm 2 /V·s, respectively. The addition of in situ-synthesized nano-size SiC increased the carrier density 37 fold, compared to the specimens without the nano-size SiC powders. This might be caused by the following reasons: (1) the increased sintered density of the specimens (SCNY and SCNEr) containing in situ-synthesized nano-size SiC and (2) the higher affinity of nitrogen for the precursors of nanosized SiC, polysiloxane and phenol resin, than for submicron-size SiC powder. Figure 3 shows the room-temperature resistivity of the SiC specimens. The resistivity of all specimens was as low as ³10 ¹4 ³·m. The addition of nano-size SiC decreased the resistivities of SiC specimens slightly compared to the specimens without the nano-size SiC. Although the carrier densities of the SCNY and SCNEr specimens were 37 times of those of SCY and SCEr, the electrical resistivities of the specimens (SCNY and SCNEr) were slightly lower than those of SCY and SCEr. This was due to the decreased carrior mobility of SiC specimens with the nano-size SiC. The decreased carrier mobility of the specimens may be due to the smaller grain size, which means more grain boundaries per unit volume in the specimens.
The reported electrical resistivity of liquid-phase- 28) The extremely low electrical resistivity (³10 ¹4 ³·m) of the present specimens was attributed to the smaller amount (2 wt %) of sintering additives and their microstructural characteristics, i.e., growing of nitrogen-doped SiC grains and confinement of non-conducting Y-and Er-containing phases in the junction areas. The AlNRE 2 O 3 (RE = Y, Er) additive systems appear to be more beneficial for lowering the electrical resistivity of the resulting SiC ceramics than oxide additives because of the formation of REAlSi oxynitride glass 15) , 29) and the resulting growth of nitrogen-doped SiC grains during sintering.
In summary, the addition of 5 wt % in situ-synthesized nanosize SiC into submicron-size SiC containing 2 wt % AlNRE 2 O 3 (RE = Y, Er) additives increased the sintered density from 8790% to > 97%. Hot-pressing of the SiC ceramics at 2050°C in a nitrogen atmosphere allowed nitrogen doping into SiC lattice, resulted in very low electrical resistivity (7.2 © 10 ¹4 8.5 © 10 ¹4 ³·m). The addition of 5 wt % in situ-synthesized nano-size SiC decreased the electrical resistivity slightly from 8.08.5 © 10 ¹4 to 7.28.1 © 10 ¹4 ³·m due to the higher carrier density in the specimens.
